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Abstract: Supersymmetric models with broken R-parity induced by lepton number vi-
olating terms provide a calculable framework for neutrino masses and mixings. Within
models with bilinear R-parity breaking six new physical phases appear which are poten-
tial sources of novel CP-violating phenomena compared to the minimal supersymmetric
extension of the standard model. We consider CP-violating observables in the decays of
the lightest supersymmetric particle in this class of models. We show that: (i) Neutrino
physics requires a strong correlation between three different pairs of phases, thus reducing
the effective number of new phases to three. (ii) CP-violating phenomena in decays of the
lightest supersymmetric particle due to new R-parity breaking phases turn out to be small,
once constraints from neutrino physics are taken into account. We demonstrate that this
feature does not depend on the nature of the lightest supersymmetric particle.
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1. Introduction
The standard model (SM) contains a source for CP violation, the complex phase of the
Kobayashi-Maskawa matrix [1]. However, it has often been argued that the SM is not able
to explain the observed baryon/antibaryon asymmetry of the universe (see for example [2])
and thus new physics might be expected to show up in CP violating phenomena.
In supersymmetric (SUSY) extensions of the SM, with their much larger particle con-
tent, a considerable number of parameters could in principle be complex and consequently
CP violation phenomena differ considerably from SM expectations [3]. It is therefore not
surprising that the study of CP violation in the minimal supersymmetric extension of
the standard model (MSSM) [4] or its constrained version (sometimes called CMSSM or
mSUGRA in the literature) has received quite some attention recently [5, 6].
The new phases present in SUSY models, however, can be restricted by existing upper
limits on electric dipole moments [3]. The general consensus is that (at least) one of the
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following three conditions has to be realized: (i) The phases are severely suppressed [7].
(ii) Supersymmetric particles of the first two generations are rather heavy, with masses of
the order of a few TeV at least [8]. (iii) There is a rather strong correlation between phases
[9], leading to a cancellation of the different SUSY contribution to EDMs ∗.
Far less work, however, has been devoted up to now to CP violation in supersymmetry
with broken R-parity (Rp/ ) [10]. R-parity breaking implies a violation of either lepton or
baryon number. It is phenomenologically unacceptable that both types of terms are present
[11]. We will discuss only the lepton number violating terms in the following, because we
focus on connections to neutrino physics.
R-parity can be broken by bilinear and by trilinear terms. If both types were present
up to (36 + 3) × 2 new parameters appear in the theory, all of which could be complex.
A priori one could therefore expect that CP violating phenomena differ considerably from
both the SM as well as the MSSM.
Electric dipole moments do not constrain in a significant way the phases of either
trilinear or bilinear terms individually, essentially since the leading contributions to the
EDMs occur only at 2-loop level, if either only trilinear or only bilinear terms are present
[12]. † If both types of R-parity breaking terms were present contributions to EDMs
appear at 1-loop level [13] and thus the imaginary part of a certain product of bilinear and
trilinear terms is more tightly constrained. However, even in the latter case the limit is not
especially strong, considering the typical size of R-parity violating parameters expected
from neutrino physics. It is thus fair to say that very little is known currently about the
phases of R-parity breaking parameters.
In this paper we study CP violation in SUSY with bilinear R-parity breaking, focusing
mainly on aspects of those phases which are not present in the MSSM. The assumption of
having only bilinear R-parity violation reduces the number of new phases to only six, as
will be discussed in more detail later in the paper.
Studies of bilinear R-parity breaking SUSY at this moment are mainly motivated
by the recent discoveries in neutrino physics. Observations of atmospheric neutrinos by
the Super-K collaboration [14] have confirmed the deficit of atmospheric muon neutrinos,
especially at small zenith angles, and thus strongly point to non-zero neutrino masses and
mixings. The preferred range of oscillation parameters from atmospheric neutrino data is
currently (at 3σ and 1 d.o.f.) [14, 15]
0.3 ≤ sin2 θAtm ≤ 0.7 , 1.2× 10−3 eV2 ≤ ∆m2Atm ≤ 4.8× 10−3 eV2 . (1.1)
Also the long-standing solar neutrino problem now provides strong evidence for neutrino
flavour conversion, especially considering the recent measurement of the neutral current
rate for solar neutrinos by the SNO collaboration [16]. If interpreted in terms of neutrino
∗The correlation “solution” is somewhat debated, see for example [7].
†1-loop contributions are proportional to the neutrino mass, see the first paper in [12].
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oscillations, the data indicate a large mixing angle between νe and νµ − ντ , with a strong
preference towards the large mixing angle MSW solution (LMA). At 3σ one has [15, 17]
0.25 ≤ tan2 θ⊙ ≤ 0.83 (1.2)
for 1 d.o.f., the best-fit-parameters being
tan2 θ⊙ = 0.44 ∆m2⊙ = 6.6 × 10−5 eV2 (1.3)
This nicely confirms earlier hints found in Ref. [18].
Calculated at the 1-loop level [19, 20], SUSY with bilinear R-parity breaking can
explain the solar and atmospheric neutrino data [20]. However, [19, 20] considered only
real parameters and thus were not concerned about possible CP-violating effects.
We will essentially follow [20], extending the calculation to the complex case. In the
next section we will give mass matrices and the Higgs potential of the model. In Section
3 we will discuss the constraints on the various phases of the model implied by current
neutrino data. Section 4 will discuss possible CP-violating observables, before we close
with a short conclusion.
2. The Model
2.1 Superpotential and soft SUSY breaking
The supersymmetric Lagrangian is specified by the superpotential W
W = εab
[
hijU Q̂
a
i ÛjĤ
b
u + h
ij
DQ̂
b
iD̂jĤ
a
d + h
ij
EL̂
b
iR̂jĤ
a
d − µĤad Ĥbu + ǫiL̂ai Ĥbu
]
, (2.1)
where i, j = 1, 2, 3 are generation indices, a, b = 1, 2 are SU(2) indices, and ε is the
completely antisymmetric 2 × 2 matrix, with ε12 = 1. The symbol “hat” over each letter
indicates a superfield, with Q̂i, L̂i, Ĥd, and Ĥu being SU(2) doublets with hypercharges
1
3 , −1, −1, and 1, respectively, and Û , D̂, and R̂ being SU(2) singlets with hypercharges
−43 , 23 , and 2, respectively. The couplings hU , hD and hE are 3× 3 Yukawa matrices, and
µ and ǫi are parameters with units of mass.
Supersymmetry breaking is parameterized with a set of soft supersymmetry breaking
terms,
Vsoft = M
ij2
Q Q˜
a∗
i Q˜
a
j +M
ij2
U U˜iU˜
∗
j +M
ij2
D D˜iD˜
∗
j +M
ij2
L L˜
a∗
i L˜
a
j +M
ij2
R R˜iR˜
∗
j
+m2HdH
a∗
d H
a
d +m
2
HuH
a∗
u H
a
u −
[
1
2M3λ3λ3 +
1
2M2λ2λ2 +
1
2M1λ1λ1 + h.c.
]
+εab
[
AijU Q˜
a
i U˜jH
b
u +A
ij
DQ˜
b
iD˜jH
a
d +A
ij
EL˜
b
iR˜jH
a
d −BµHadHbu +BiǫiL˜aiHbu + h.c.
]
(2.2)
In the following we assume that there is no intergenerational mixing in the soft terms. Let
us first list the parameters which may be complex in the model defined by Eq. (2.1) and
Eq. (2.2). Decomposed in modulus and phase these are given by ǫi = |ǫi|eiϕǫi and µ =
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|µ|eiϕµ in Eq. (2.1), and AU = diag{|Au|eiϕAu , |Ac|eiϕAc , |At|eiϕAt}, AD = diag{|Ad|eiϕAd ,
|As|eiϕAs , |Ab|eiϕAb}, AE = diag{|Ae|eiϕAe , |Aµ|eiϕAµ , |Aτ |eiϕAτ }, M1 = |M1|eiφ1 , M2 =
|M2|eiφ2 , M3 = |M3|eiφ3 , Bµ = |Bµ|eiϕB and Biǫi = |Biǫi|eiϕBi in Eq. (2.2). This means,
in addition to the MSSM parameters the following six parameters are in general complex.
ǫi = |ǫi|eiϕǫi , Biǫi = |Biǫi|eiϕBi . (2.3)
As mentioned no restrictions on the size of the phases in Eq. (2.3) exist; they can be O(1).
At this point it is appropriate to note that not all of the phases quoted above have
a physical meaning. Any two of these CP–odd phases may be eliminated by employing
the Peccei–Quinn- and the R symmetry U(1)PQ and U(1)R, respectively. We will use this
phase freedom later on to remove two unphysical phases.
2.2 Scalar potential
Next we consider the scalar potential and derive the tadpole equations. The scalar potential
at tree level is
V =
∑
i
∣∣∣∣∂W∂zi
∣∣∣∣2 + VD + Vsoft. (2.4)
where zi is any one of the scalar fields in the superpotential in Eq. (2.1), VD are the D-
terms, and Vsoft is given in Eq. (2.2). The vacuum expectation values (vevs) of the Higgs
(Hu,Hd) and lepton (L˜i) fields are complex in general. In order to determine the ground
state of the potential Eq. (2.4), we use the linear parametrization
Hd = e
iθ
( 1√
2
[σ0d + vd + iϕ
0
d]
H−d
)
, Hu =
(
H+u
1√
2
[σ0u + vu + iϕ
0
u]
)
,
L˜i = e
iηi
( 1√
2
[ν˜Ri + vi + iν˜
I
i ]
ℓ˜−i
)
, (2.5)
where vd, vu and vi are positive, and we have set the phase of Hu to zero since only relative
phases are meaningful. The stationary conditions then read
∂〈V 〉
∂vd
=
(
m2Hd + |µ|2
)
vd + vdD − |Bµ|vu cos(ϕB + θ)− vi|µ||ǫi| cos(ϕµ + θ − ϕǫi − ηi) = 0
∂〈V 〉
∂vu
=
(
m2Hu + |µ|2 + |ǫi|2
)
vu − vuD + vi|Biǫi| cos(ϕBi + ηi)− |Bµ|vd cos(ϕB + θ) = 0
∂〈V 〉
∂v1
= v1D + |µ||ǫ1|vd cos(ϕµ + θ − ϕǫ1 − η1) + v1
(
|ǫ1|2 +M2L1
)
+ |B1ǫ1|vu cos(ϕB1 + η1)
+v2ǫ2ǫ1 cos(ϕǫ1 + η1 − ϕǫ2 − η2) + v3ǫ3ǫ1 cos(ϕǫ1 + η1 − ϕǫ3 − η3) = 0
∂〈V 〉
∂v2
= v2D + |µ||ǫ2|vd cos(ϕµ + θ − ϕǫ2 − η2) + v2
(
|ǫ2|2 +M2L2
)
+ |B2ǫ2|vu cos(ϕB2 + η2)
+v1ǫ1ǫ2 cos(ϕǫ2 + η2 − ϕǫ1 − η1) + v3ǫ3ǫ2 cos(ϕǫ2 + η2 − ϕǫ3 − η3) = 0
∂〈V 〉
∂v3
= v3D + |µ||ǫ3|vd cos(ϕµ + θ − ϕǫ3 − η3) + v3
(
|ǫ3|2 +M2L3
)
+ |B3ǫ3|vu cos(ϕB3 + η3)
+v1ǫ1ǫ3 cos(ϕǫ3 + η3 − ϕǫ1 − η1) + v2ǫ2ǫ3 cos(ϕǫ3 + η3 − ϕǫ2 − η2) = 0 (2.6)
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where D = 18 (g
2 + g′2)(v21 + v
2
2 + v
2
3 + v
2
d − v2u), and
∂〈V 〉
∂θ
= vuvd|Bµ| sin(ϕB + θ) + vivd|ǫi||µ| sin(ϕµ + θ − ϕǫi − ηi) = 0
∂〈V 〉
∂η1
= v1vd|µ||ǫ1| sin(ϕµ + θ − ϕǫ1 − η1) + v1vu|B1ǫ1| sin(ϕB1 + η1)
+v1v2ǫ1ǫ2 sin(ϕǫ1 + η1 − ϕǫ2 − η2) + v1v3ǫ1ǫ3 sin(ϕǫ1 + η1 − ϕǫ3 − η3) = 0
∂〈V 〉
∂η2
= v2vd|µ||ǫ2| sin(ϕµ + θ − ϕǫ2 − η2) + v2vu|B2ǫ2| sin(ϕB2 + η2)
−v2v1ǫ2ǫ1 sin(ϕǫ1 + η1 − ϕǫ2 − η2) + v2v3ǫ2ǫ3 sin(ϕǫ2 + η2 − ϕǫ3 − η3) = 0
∂〈V 〉
∂η3
= v3vd|µ||ǫ3| sin(ϕµ + θ − ϕǫ3 − η3) + v3vu|B3ǫ3| sin(ϕB3 + η3)
−v3v1ǫ3ǫ1 sin(ϕǫ1 + η1 − ϕǫ3 − η3)− v3v2ǫ2ǫ3 sin(ϕǫ2 + η2 − ϕǫ3 − η3) = 0
(2.7)
where the repeated index i implies a summation over i = 1, 2, 3.
It was shown in Ref. [21] that spontaneous CP violation does not occur in this model
with vi 6= 0, see also [22]. In the case of explicit CP violation, where {ϕµ, ϕB , ϕǫi , ϕBi} 6=
0, π, the vevs are complex in general, as can be seen from Eq. (2.7).
2.3 Scalar mass matrices
With the solutions to Eq. (2.6) and (2.7) we can give the mass matrices of the matter
fields. The mass matrix for the neutral boson fields is a 10 × 10 symmetric matrix. The
corresponding Lagrangian is
LSmass = −12STM 2SS, (2.8)
where we have defined ST ≡ [σ0d, σ0u, ν˜Ri , ϕ0d, ϕ0u, ν˜Ii ]. The mass matrix in Eq. (2.8) can be
decomposed into three 5× 5 blocks:
M 2S =
[
M 2SS M
2
SP
M TSP M
2
PP
]
(2.9)
This mass matrix is diagonalized through
RM 2SR
T = diag(0,m2S1 , ···,m
2
S9
), (2.10)
where R is a orthogonal matrix. We give here only the scalar–pseudoscalar mixing block
M 2SP . The scalar–scalar block M
2
SS and the pseudoscalar–pseudoscalar block M
2
PP can
be found in Ref. [20] for real parameters. They are valid also for the complex case after
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obvious substitutions for complex parameters.
M 2SP =

0 |Bµ|sψ −|µ||ǫ1|sρ1 −|µ||ǫ2|sρ2 −|µ||ǫ3|sρ3
|Bµ|sψ 0 −|B1ǫ1|sσ1 −|B2ǫ2|sσ2 −|B3ǫ3|sσ3
|µ||ǫ1|sρ1 −|B1ǫ1|sσ1 0 |ǫ1||ǫ2|sλ12 |ǫ1||ǫ3|sλ13
|µ||ǫ2|sρ2 −|B2ǫ2|sσ2 −|ǫ1||ǫ2|sλ12 0 |ǫ2||ǫ3|sλ23
|µ||ǫ3|sρ3 −|B3ǫ3|sσ3 −|ǫ1||ǫ3|sλ13 −|ǫ2||ǫ3|sλ23 0

, (2.11)
where we have used the shorthand notation: sψ ≡ sin(θ + ϕB), sρi ≡ sin(ϕµ + θ − ϕǫi −
ηi), sσi ≡ sin(ηi + ϕBi) and sλij ≡ sin(ϕǫi + ηi − ϕǫj − ηj).
Eq. (2.7) together with Eq. (2.11) shows that scalar–pseudoscalar Higgs transitions
appear already at tree–level, contrary to the MSSM where this is possible only at one loop
level. However, considering the typical size of the Rp/ violating parameters, |ǫi/µ| . O(10−3)
[20], such a transition has to be expected to be rather small.
2.4 Neutralino–neutrino mass matrix
Here we focus on the 7× 7 Neutralino–neutrino mass matrix. In the basis
Ψ′0
T = (−iλ1,−iλ2, H˜1d , H˜2u, νe, νµ, ντ ), it reads
M0 =
(
Mχ0 mT
m 0
)
. (2.12)
Here, the 3× 4 sub-matrix m contains entries from the bilinear Rp/ parameters,
m =
−
1
2g
′v1e−iη1 12gv1e
−iη1 0 |ǫ1|eiϕǫ1
−12g′v2e−iη2 12gv2e−iη2 0 |ǫ2|eiϕǫ2
−12g′v3e−iη3 12gv3e−iη3 0 |ǫ3|eiϕǫ3
 , (2.13)
and the MSSM neutralino mass matrix is given by,
Mχ0 =

|M1|eiφ1 0 −12g′vde−iθ 12g′vu
0 |M2|eiφ2 12gvde−iθ −12gvu
−12g′vde−iθ 12gvde−iθ 0 −|µ|eiϕµ
1
2g
′vu −12gvu −|µ|eiϕµ 0
 . (2.14)
The mass matrix M0 is diagonalized by
N 0∗M0N 0−1 = diag(mνi ,mχ0j ). (2.15)
where (i = 1, ···, 3) for the neutrinos, and (j = 1, ···, 4) for the neutralinos. The method
of perturbative diagonalization of M0 presented in [23] holds also in the general case of a
complex symmetric mass matrix M0.
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Only one neutrino acquires mass at tree–level and its mass is approximately given by
mν3 ≃
∣∣∣∣∣M1g2 +M2g′24 det(Mχ0)
∣∣∣∣∣ |~Λ|2 (2.16)
where,
Λi = |ǫi|vd ei(ϕǫi−θ) + vi|µ| ei(ϕµ−ηi). (2.17)
As a result, for a realistic description of the neutrino spectrum one has to improve the
calculation to 1-loop order.
A complete list of 1-loop contributions can be found, for example, in [20]. For our
purposes it is sufficient to consider only the b˜ − b loop, which gives in a wide range of
parameter space the most important contribution to the neutrino masses. The 1-loop
corrections to the neutrino sector can be written as
(∆mν)
b˜b
ij ≃ −
3
16π2
mbh
2
b sin 2θb˜ e
iϕ
b˜N 0i3∗N 0j3∗ log
(
m2
b˜2
m2
b˜1
)
, (2.18)
where hb = e
−iθ√2mb/vd, θb˜ is the mixing angle and ϕb˜ is the phase in the sbottom sector,
respectively. m
b˜i
are the two sbottom masses. The eigenvalues up to one loop are obtained
by diagonalizing diag(mνi ,mχ0j
) + (∆mν)
b˜b
ij . The corresponding mixing matrix is N 1, and
the complete mixing matrix which relates weak basis and eigenbasis, is
N = N 1 · N 0. (2.19)
The CP violating Dirac phase δ entering the oscillation formula can be extracted by
using the following relation
|δ| = sin−1
(∣∣∣∣∣ 8ℑm(N25N ∗26N16N ∗15)cos θ13 sin 2θ13 sin 2θ12 sin 2θ23
∣∣∣∣∣
)
, (2.20)
where θ13 = sin
−1(|N35|), θ12 = tan−1(|N25/N15|) and θ23 = tan−1(|N36/N37|). Note that
the quantity in the denominator of Eq. (2.20) is one of six equivalent representations of the
Jarlskog invariant in the neutrino sector.
3. Neutrino data and CP violating phases
3.1 Analytical discussion
Data from neutrino oscillation experiments require that the bilinear R-parity breaking
parameters must obey certain conditions [20]. As briefly discussed in the introduction,
atmospheric neutrino data requires ∆m2Atm to be of the order of ∆m
2
Atm ≃ O(10−3) eV2,
while the solar neutrino problem can be solved for ∆m2⊙ ∼ (few) 10−5 eV2 in the case of
the LMA solution. ‡
‡The LOW solution ∆m2⊙ ∼ 10
−7 eV2 and the quasi vacuum solution ∆m2⊙ ∼ 10
−9 eV2 can not be
excluded at present, but are strongly disfavoured after the SNO neutral current measurement, see for
example [24].
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In bilinear R-parity breaking the neutrino spectrum is hierarchical and therefore mν3
and mν2 are approximately given by mν3 ≃
√
∆m2Atm ≃ 0.05 eV and mν2 ≃
√
∆m2⊙.
Since, as explained above, at tree level the model has only one non-zero mass eigenstate,
it is straightforward to see that the ratio of mν2/mν3 ≃
√
∆m2⊙/
√
∆m2Atm determines the
relative importance of the one-loop mass with respect to the tree-level mass in our model.
The hierarchy of mν2/mν3 ≃ 0.1 (in case of the LMA solution) implies that the terms
in Eq. (2.17) must almost cancel. Thus, three pairs of phases have to obey the condition
ϕǫi + ηi − θ − ϕµ ± π < O(10−2) . (3.1)
This observation reduces the effective number of free phases in the bilinear model from six
to three, as we will now demonstrate.
The phases ηi have to obey the tadpole equations Eq. (2.7) for an arbitrary set of input
parameters. In the limit ϕǫi + ηi − θ − ϕµ ± π = 0, the tadpole equations Eq. (2.7) reduce
to
vuvd|Bµ| sin(ϕB + θ) = 0 ,
vivu|Biǫi| sin(ϕBi + ηi) = 0 , i = 1, 2, 3 (3.2)
where the equation for θ is just the well-known MSSM relation. To find the correct min-
imum of the potential, we get from Eq. (3.2) θ = −ϕB and ηi = ±π − ϕBi . Eq. (3.1)
now reads ϕǫi = ϕBi − ϕB + ϕµ modulo 2π, which means that the number of indepen-
dent phases is reduced to three. This leads immediately to the important result that the
scalar–pseudoscalar mixing vanishes. This can be read of directly from Eq. (2.11) since
every single term is zero in this limit.
Atmospheric neutrino measurements provide an additional constraint on the bilinear
model, due to the large angle in νµ ↔ ντ oscillations, which has to be tan2 θAtm ≃ |Λ2|
2
|Λ3|2 ≃ 1.
For non-zero phases this condition could only be met if
ϕǫ2 + η2 ≃ ±(ϕǫ3 + η3) . (3.3)
We will investigate below to which extent Eq. (3.3) has to be satisfied numerically.
3.2 Numerical discussion
Before we describe our numerical analysis we specify the parameters. We remove two
unphysical phases by applying the Peccei–Quinn symmetry U(1)PQ and the R symmetry
U(1)R. We choose ϕB = 0 and ϕµ = π, and set all other phases of the MSSM part
to zero. As input phases we take ϕǫi and ηi randomly in the range [−π, π], and use
the stationary conditions Eq. (2.7) to solve for the phases ϕBi . In order to reduce the
number of parameters, the numerical calculations were performed in a constrained version
of the MSSM. We have scanned the parameters in the following ranges: M2 ∈ [0, 1.2] TeV,
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|µ| ∈ [0, 2.5] TeV, m0 ∈ [0, 1.2] TeV, A0/m0 and B0/m0 ∈ [−3, 3] and tan β ∈ [2.5, 10]. All
randomly generated points were subsequently tested for consistency with the stationary
conditions Eq. (2.6) and (2.7).
Next we consider to which extent the correlations (3.1) have to be obeyed. With
our choice of the phases these correlations read: ϕǫi + ηi = 0 modulo 2π. We study the
allowed region of the two sums of phases ϕǫ2 + η2 and ϕǫ3 + η3. From Fig. 1 we can see
|ϕǫ2,3 + η2,3| . 5 × 10−3 for most of the sums ϕǫ2,3 + η2,3. If ϕǫ2 + η2 ≃ ±(ϕǫ3 + η3), then
|ϕǫ2,3 +η2,3| . 10−2 is possible. This feature can be traced to the constraint tan2 θAtm ≃ 1,
see Eq. (3.3). Fig. 2 confirms the additional phase correlation given in Eq. (3.3), where we
have plotted tan2 θAtm versus (ϕǫ2+η2)/(ϕǫ3+η3) for points in which ϕǫ2,3+η2,3 ≥ 3×10−3.
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Figure 1: Phase correlation between ϕǫ2 + η2 and ϕǫ3 + η3 required by the constraints from
atmospheric neutrino data.
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Figure 2: Correlation between (ϕǫ2 + η2)/(ϕǫ3 + η3) and tan
2 θAtm.
As has been pointed out previously, MSP=0 in the limit ϕǫi + ηi = 0. Even if this
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condition is not exactly fulfilled scalar–pseudoscalar Higgs mixing can be neglected in
general provided that |ϕǫi + ηi| . 10−2. In the sneutrino sector the situation may be
sligthly different. Recall that in the MSSM the sneutrino is a complex scalar field. Rp/
splits ℜe(ν˜) and ℑm(ν˜) by a small amount in each generation. Let us denote the associated
mass eigenstates as ν˜1,2. Since ν˜1,2 are nearly degenerate large scalar–pseudoscalar mixing
is possible in this sector also for |ϕǫi + ηi| . 10−2. To demonstrate this feature, let us
consider the third generation ν˜1,2τ . As an example we consider the Rp/ coupling C(ν˜
1
τ bb),
where ν˜1τ does not contain imaginary parts in the limit ϕǫi + ηi = 0. The interaction is
described by the Lagrangian
L = ν˜1τ b¯ [Cν˜1τ bbPL +C∗ν˜1τ bbPR] b, (3.4)
where Cν˜1τ bb ≡ − hb√2(Rν˜1τ1 + iRν˜1τ6) and R is defined in Eq. (2.10). CP invariance means
that Rν˜1τ6 = 0. The extent to which this limit is saturated can be seen in Fig. 3 where we
plot (R2
ν˜1τ1
−R2
ν˜1τ6
)/(R2
ν˜1τ 1
+R2
ν˜1τ6
) as a function of ϕǫ3 + η3. For the light (dark) points the
mass spliting is 10−3 eV ≤ |mν˜1τ −mν˜2τ | ≤ 10−2 eV (0.1 eV ≤ |mν˜1τ −mν˜2τ |). As can be seen,
scalar–pseudoscalar mixing in the sneutrino sector vanishes only for very small ϕǫi + ηi in
this sector.
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Figure 3: Scalar–pseudoscalar mixing in the nearly degenerate ν˜R − ν˜I system. For a discussion
see text.
4. Observables
In this section we discuss possible CP–odd observables arising due to the new phases in
bilinear R-parity violating couplings. Recall that these Rp/ couplings are typically two to
three orders of magnitude smaller than the R parity conserving couplings if neutrino data
are to be explained by R-parity violation. This already implies that CP violating effects
induced by R-parity violating parameters can at most be seen in LSP decays, because in
all other cases either the R-parity violating branching ratios are very small or the loop
contributions due to the Rp/ couplings to R-parity conserving decay modes are tiny.
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In the following we will discuss various possibilities for the LSP: sfermions, neutralino
and chargino. Here we will focus on observables arising in two–body decays of the LSP,
which are either rate asymmetries or helicity asymmetries. Note that the assumption of
two–body decays is well motivated by the fact that LEP has not found any supersymmetric
particle which gives a lower bound on SUSY particle masses of order 100 GeV.
Let us first discuss a necessary condition whether a CP asymmetry is observable or not
before considering the different LSP classes. The relevant quantity to decide whether an
asymmetry is observable (at 1σ), is given by (A2CP×B)−1, where ACP is the CP asymmetry
and B is the branching ratio of the decay considered. If we assume rather optimistically
that order 106 LSPs can be produced at a future collider experiment, this requires that
(A2CP ×B)−1 . O(106).
We want to recapitulate here, that in order to construct a rate asymmetry one needs
final–state interactions, otherwise partial decay rates are equal due to CPT invariance even
if CP is violated. The rate asymmetry is then built through an interference of tree–level
amplitudes and one–loop amplitudes where a pair of intermediate particles in the loop
is on–shell. Subsequently we will discuss various one–loop diagrams giving rise to CP
asymmetries.
4.1 Sfermion LSP
Consider first the case were a squark is the LSP because here the discussion is rather
simple. The possible final states are either q′ ℓi or q νj. The relevant diagrams contributing
to possible CP asymmetries are shown in Fig. 4: a) self energy diagrams and b) vertex
diagrams. It is obvious from this figure that in both cases all three couplings involved violate
R–parity and, thus, the corresponding diagram gives only a tiny contribution leading to a
negligible asymmetry.
q˜i q˜j
ℓ, ν
q′, q
ν, ℓ
q, q′
a)
q˜
ℓ, ν
q′, q
q, q′
ν, ℓ
q˜, q˜′
b)
Figure 4: a) Self energy diagrams and b) vertex diagrams contributing to CP asymmetries of
squark decays.
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ℓ˜i H
±
ℓ
ν
ℓ, ν, q
ν, ℓ, q′
c)
ℓ˜
ν
ℓ
ℓ
ν
H±
d)
l˜i W
ℓ
ν
ℓ, ν, q
ν, ℓ, q′
a)
ℓ˜
ν
ℓ
ℓ
ν
W
b)
Figure 5: a) and c) Self energy diagrams and b) and d) vertex diagrams contributing to CP
asymmetries of slepton decays.
For a charged slepton (ℓ˜) LSP the possible final states are qq′ and ℓν. We consider the
following rate asymmetry,
ACP = Γ(ℓ˜→ ℓ
−ν)− Γ(¯˜ℓ→ ℓ+ν)
Γ(ℓ˜→ ℓ−ν) + Γ(¯˜ℓ→ ℓ+ν)
. (4.1)
In this case diagrams similar to those shown in Fig. 4 with appropriate replacements
contribute. For the same reasoning as given above for the squark case their contribution
is small. In addition to these diagrams one finds diagrams involving a W–boson and the
corresponding ones where the W–boson is replaced by a charged Higgs boson as shown
in Fig. 5. As can be easily shown the diagrams involving a W–boson are suppressed due
to the small fermion masses involved. In case of a self–energy contribution with a top
quark and a bottom quark in the loop, Fig. 5a, the CP asymmetry is suppressed by the
factor mtmℓ
m2
W
. For the charged Higgs boson the situation is a little bit more subtle, because
in the corresponding diagram of Fig. 5c the contribution with top/bottom quarks can be
enhanced for large tan β. In this case the CP asymmetry is given by
ACP ∼ 3
16π
ℑm{hℓ sin β(gL1 hb sin β + gR1 ht cos β)g∗4}
|g4|2 , (4.2)
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where gL,R1 (g4) are the Rp/ and CP violating left and right (left) coupling of the ℓ˜ to tb
(νℓ). The relevant Lagrangian is given by
L = ℓ˜ b¯(gL1 PL + gR1 PR) t+ g4ℓ˜ ℓ¯PL ν + h.c. (4.3)
where PL,R = 1/2(1 ∓ γ5). The couplings can be found in [25]. In principle large tan β
may lead to a large CP asymmetry if ℓ = τ . However, for large values of tan β the 1-loop
contributions to the neutrino masses tend to be too large. For this reason we have not
found any points with (A2CP ×B)−1 . O(106), satisfying at the same time the constraints
from neutrino physics.
Let us now turn to the case where the sneutrino is the LSP. It can be shown on general
grounds that the mass splitting between ℜe(ν˜) and ℑm(ν˜) is very small if the Majorana
mass of the corresponding neutrino is tiny [26]. Taking the known neutrino data into
account this implies that in our case the CP-even/CP-odd mass splitting between ℜe(ν˜)
and ℑm(ν˜) is typically of order eV and thus negligibly small. In the case of CP violation the
mass eigenstates are a superposition of ν˜Rℓ and ν˜
I
ℓ . As a possible CP sensitive observable
we consider the following helicity asymmetry,
Ahel =
∑
i[Γ(ν˜
i
ℓ → τ+L τ−L )− Γ(ν˜iℓ → τ+R τ−R )]∑
i[Γ(ν˜
i
ℓ → τ+L τ−L ) + Γ(ν˜iℓ → τ+R τ−R )]
, (4.4)
where ℓ = τ, µ, e, and we sum over the two (nearly) degenerate sneutrino states, because
they can not be resolved experimentally.
The same classes of diagrams appear as in the case of the charged slepton decays
discussed previously. The dominant diagrams are now the self–energy diagrams with a
bottom quark in the loop, see Fig. 6. The contributions where a Z is exchanged in the
s–channel (Fig. 6b) is suppressed by a factor mτmb
m2Z
. The contribution in Fig. 6a can be
substantial for large values of tanβ. However, as was mentioned, this in turn tends to
drive the 1-loop contribution to the neutrino masses to be too large. Moreover, there is
a cancellation between the contributions of the two degenerate sneutrinos for ν˜iµ,e. This
cancellation can be seen from Fig. 7 for ν˜iµ where the dark points represent the result for
i = 1 in Eq. (4.4), whereas for the light points the two contributions are summed up.
For ν˜e the result is the same. For ν˜
i
τ we find that
∑
iB(ν˜
i
τ → τ+τ−) ∼ O(10−5 − 10−4).
With the expected number of events, it is practically impossible to observe such a helicity
asymmetry.
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ν˜τ h,H,A
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τ
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b
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b
b)
Figure 6: Dominant Feynman diagrams for the absorptive part of the amplitude ν˜i → ττ .
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Figure 7: Ahel as a function of mν˜µ where the dark (light) points represent the result without
(with) sum of the contribution of the two degenerate ν˜iµ.
4.2 Neutralino LSP
If the χ˜01 is the LSP the decay modes may be χ˜
0
1 → {Wℓ,Zν, hν}. As an example we
consider rate asymmetries such as
ACP = Γ(χ˜
0
1 → W+ℓ−)− Γ(χ˜01 →W−ℓ+)
Γ(χ˜01 → W+ℓ−) + Γ(χ˜01 →W−ℓ+)
. (4.5)
The relevant part of the Lagrangian reads
L = ν¯OνχhR PR χ˜01h+ ℓ¯γµ(OℓχwR PR +OℓχwL PL)χ˜01W−µ + ν¯γµOνχzL PL χ˜01Zµ + h.c. (4.6)
The relevant couplings in Eq. (4.6) can be found in [25]. Typically these couplings obey:
|OℓχwR | ∼ |OνχhR | >> |OℓχwL |, |OνχzL |. This implies that final state interactions between
Wℓ and Zν will not contribute significantly to the CP asymmetry in Eq. (4.5). As the
next possibility we consider a final–state interaction between Wℓ and hν, see Fig. 8. The
– 14 –
ν, ℓ
h
χ˜01, χ˜
−
1
W,Z
W,Z
ℓ
Figure 8: Dominant Feynman diagram for the absorptive part of the amplitude χ˜01 → ℓ W and
χ˜−
1
→ ℓ Z.
contribution where the W+ is replaced by the charged Higgs H+, is suppressed due to
the Yukawa coupling and therefore not relevant. Setting small lepton masses to zero,
a straightforward calculation gives an asymmetry proportional to ℑm(OνχhR OℓχwL
∗
) (see
Appendix). Since only the left coupling OℓχwL (and not the much larger right coupling
OℓχwR ) appears in the denominator of Eq. (4.5) the resulting (A
2
CP ×B)−1 is always above
106.
4.3 Chargino LSP
If the χ−1 is the LSP the possible final states are Zℓ,Wν and h ℓ. We consider the CP
asymmetry:
ACP = Γ(χ˜
−
1 → Zℓ−)− Γ(χ˜+1 → Zℓ+)
Γ(χ˜−1 → Zℓ−) + Γ(χ˜+1 → Zℓ+)
(4.7)
The relevant part of the Lagrangian reads
L = ℓ¯(OℓχhL PL +OℓχhR PR)χ˜−1 h+ ν¯γµOνχwL PLχ˜−1 Wµ + ℓ¯γµ(OℓχzL PL +OℓχzR PR)χ˜−1 Zµ + h.c.
(4.8)
The full form of the left and right couplings can be found in [20, 25]. Scanning the param-
eters over the parameter ranges as described in the previous section we find that the left
and right couplings in Eq. (4.8) typically are: |OνχwL |, |OℓχhL |, |OℓχzR | << |OℓχhR | ∼ |OℓχzL |.
Therefore, similar to the neutralino we will consider only a final–state interaction between
Zℓ and hℓ. The dominant Feynman diagram is displayed in Fig. 8, while the calculation
is given in the Appendix. The result of a numerical scan is shown Fig. 9a and b where we
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Figure 9: (A2
CP
×B)−1 for χ± → Ze± as a function of a) mχ and b) |δ|, respectively.
plot (A2CP×B)−1 as a function of mχ and of the modulus of the Dirac phase |δ| defined in
Eq. (2.20), respectively. We show (A2CP ×B)−1 for ℓ = e; for ℓ = µ, τ the result is similar.
As we can see in Fig. 9a and b, (A2CP ×B)−1 is always above 106.
5. Conclusion
Supersymmetric models with bilinear R-parity breaking contain six new phases compared
to the MSSM. These phases are currently only constrained by neutrino data. We have
found that neutrino physics requires that the phases in the Rp/ sector have to fulfill the
relation ϕǫi ≃ ϕBi , but are otherwise not necessarily small. This in turn implies that
scalar–pseudoscalar mixing is vanishingly small even though the phases may be maximal
CP violating. The only exception is if a CP–even and a CP–odd state are nearly degenerate,
in which case the mixing between these two states can be large.
We have discussed CP asymmetries in the decays of various possible LSPs and con-
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cluded that all of them are unmeasurably small. Although we have considered only one
class of CP violating observables, namely rate asymmetries, we conjecture that also other
CP odd observables are to small to be measurable.
On the other hand, the neutrino oscillation Dirac phase δ is not necessarily small if
bilinear Rp/ parameters are complex. This implies that possibly the only way to determine
whether the Rp/ parameters are complex is to measure CP violation in neutrino oscillations
themselves.
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6. Appendix
Here we outline the calculation of the rate asymmetry for neutralino and chargino decay.
The calculation is carried out in the Feynman–’t Hooft gauge. In the limit where mℓ = 0
and |OℓχhR | >> |OℓχhL | the dominant one–loop amplitude, corresponding to the Feynman
diagram in Fig. 8, has the same generic structure for chargino and neutralino decays. For
the decay χ→ ℓ−V , with a negative charged lepton in the final state, the amplitude reads:
M(1) = i
(4π)2
u¯(pℓ)[2pℓρ(C0 + C1 + C2)PR −mχC2γρPL]u(pχ)ερ∗(−pV )gL1 g0
2m2V
v
, (6.1)
Ci being the Passarino–Veltman functions, g0 ≡ OℓχhR [OνχhR ] and gL1 ≡ − gcos θW (−12 +
sin2 θW )[− g√2 N ∗i(ℓ+4)] for chargino [neutralino] decay. The subscript V stands for the
appropriate vector boson and χ for the appropriate SUSY particle, respectively. The tree–
level amplitude is given by:
M(0) = iu¯(pℓ)γρ[gL3 PL + gR3 PR]u(pχ)ερ∗(−pV ) , (6.2)
where gL3 ≡ OℓχzL [OℓχwL ] and gR3 ≡ OℓχzR [OℓχwR ] for chargino [neutralino] decay. The CP
asymmetry is now
ACP = Γ(χ→ V ℓ
−)− Γ(χ¯→ V ℓ+)
Γ(χ→ V ℓ−) + Γ(χ¯→ V ℓ+) ≃
2ℜe(M(0)†M(1))
M(0)†M(0)
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=
4mχ{ℑmB0(2m2V + 3m2χ) + ℑmC0(2m4V + 2m2Vm2χ +m4χ +m2h(m2V −m2χ))}
2m4χ − 3m4V +m2χm2V
× 1
(4π)2
2m2V
v
ℑm(gL3 ∗ g0 gL1 )
(|gL3 |2 + |gR3 |2)
, (6.3)
where
ℑmB0 = π
m2χ −m2h
m2χ
Θ(m2χ −m2h) ,
ℑmC0 = −π 1
m2χ −m2h
log
(
1 +
(m2χ −m2h)2
m2χm
2
V
)
Θ(m2χ −m2h) , (6.4)
where v = 2mW/g and Θ denotes the step–function. From the last line in Eq. (6.3) we can
see that the CP asymmetry in the case of the neutralino decay is suppressed, since we have
|gL3 | << |gR3 |. For the chargino decay this relation is reversed, as was mentioned above.
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